Respiratory muscle remodeling occurs in human sleep apnea-a common respiratory disorder characterized by chronic intermittent hypoxia (CIH) due to recurrent apnea during sleep. We sought to determine if CIH causes remodeling in rat sternohyoid (upper airway dilator) and diaphragm muscles. Adult male Wistar rats were exposed to CIH (n=8), consisting of 90 sec of hypoxia (5% at the nadir; SaO 2 ~80%)/90 sec of normoxia, 8 hr per day, for 7 consecutive days. Sham animals (n=8) were exposed to alternating air/air cycles in parallel. The effect of CIH on myosin heavy-chain (MHC) isoform (1, 2a, 2x, 2b) distribution, sarcoplasmic reticulum calcium ATPase (SERCA) isoform distribution, succinate dehydrogenase activity, glycerol phosphate dehydrogenase activity, and Na + /K + ATPase pump content was determined. Sternohyoid muscle structure was unaffected by CIH treatment. CIH did not alter oxidative/glycolytic capacity or the Na + /K + -ATPase pump content of the diaphragm. CIH significantly increased the areal density of MHC 2b fibers in the rat diaphragm, and this was associated with a shift in SERCA proteins from SERCA2 to SERCA1. We conclude that CIH causes a slow-to-fast fiber transition in the rat diaphragm after just 7 days of treatment. Respiratory muscle functional remodeling may drive aberrant functional plasticity such as decreased muscle endurance, which is a feature of human sleep apnea. ( J Histochem Cytochem 61:487-499, 2013) 
Article
Obstructive sleep apnea (OSA) is the most common form of sleep-disordered breathing, affecting approximately 2% to 4% of the adult population (Young et al. 1997) . OSA is characterized by recurrent collapse of the upper airway during sleep, leading to repeated bouts of airway occlusion and cessation of breathing (White 1995) . These apneic patients have a wide spectrum of disorders, including cardiovascular, metabolic, and neurocognitive dysfunctions (Bradley 1992; Peppard et al. 2000; Chervin et al. 2002; Coughlin et al. 2004; McNicholas and Ryan 2006; Verstraeten 2007; Levy et al. 2009; Butt et al. 2010; Dempsey et al. 2010; Drager et al. 2010) . Chronic intermittent hypoxia (CIH) is a central feature of OSA due to recurrent hypoxia/reoxygenation cycles that occur throughout the night. Evidence suggests that CIH may be the major culprit in the development of key morbidities associated with OSA (Brooks et al. 1997; Fletcher et al. 1992; Fletcher 2000; Gozal et al. 2003; Row et al. 2003; Bradford 2004; Veasey et al. 2004) .
Skeletal muscle is recognized as a highly adaptable and malleable tissue that can change its phenotype in response to many environmental and physiological challenges (Fitts et al. 2001; Oliven et al. 2001; Sieck and Regnier 2001; Baldwin and Haddad 2002; Hawley 2002; Rhee et al. 2004; D'Antona et al. 2006; Degens and Alway 2006; Matsakas 490947J HC61710.1369 and Patel 2009). Like other skeletal muscles, respiratory muscles are highly specialized for their specific functional tasks but also show a large capacity for remodeling (van Lunteren et al. 1995; Cantillon and Bradford 1998; O'Halloran et al. 2002; Polla et al. 2004; Bradford et al. 2005; Rowley et al. 2005) . OSA patients (Griggs et al. 1989; Series et al. 1995; Series et al. 1996; Carrera et al. 1999; Chien et al. 2010 ) and animal models of CIH (McGuire et al. 2002a; McGuire et al. 2002b; McGuire et al. 2003; Liu SS et al. 2005; Pae et al. 2005; Farkas et al. 2007; Dunleavy et al. 2008; Liu YH et al. 2009; Skelly et al. 2012) show signs of respiratory muscle dysfunction.
Skeletal muscles involved in respiration can be broadly categorized as thoracic pump muscles and striated muscles that modulate upper airway caliber. The diaphragm, innervated by the phrenic nerves, is the main inspiratory pump muscle and acts in concert with the pharyngeal respiratory muscles to maintain airway patency. More than 20 pharyngeal muscles are involved in respiratory and non-respiratory (swallowing, speech, mastication) functions (Horner 2009 ). Pharyngeal dilator muscles are a subset of these upper airway muscles and are critical for maintaining airway patency (Roberts et al. 1984; Horner and Guz 1991; van Lunteren and Dick 1992) . The sternohyoid is an important upper airway dilator muscle. The sternohyoids are paired muscles running longitudinally from the sternum to the hyoid bone. During inspiration, the sternohyoid muscles display phasic activity (Roberts et al. 1984 ) and facilitate airway patency by ventral movement of the hyoid bone (Van de Graaff et al. 1984) .
Upper airway (UA) muscle dysfunction may increase the vulnerability of the UA to collapse in OSA patients, thus causing further hypoxic insult, leading to increased muscle fatigue and a greater susceptibility to collapse. In addition, diaphragm muscle dysfunction may also be implicated in the pathophysiology of OSA. Patients with OSA are subjected to repetitive collapse of the UA and subsequent asphyxia, which leads to greater respiratory effort and thus increases the risk of inspiratory muscle fatigue. Reduced muscle endurance is often associated with a transition from a slow oxidative fatigue-resistant fiber to fast glycolytic fatigable muscle (McGuire et al. 2002a; Pae et al. 2005; Ray et al. 2007; Liu YH et al. 2009 ). Therefore, we sought to examine the effect of CIH treatment on the activity of two key metabolic enzymes (succinate dehydrogenase [SDH] and glycerol phosphate dehydrogenase [GPDH]) and myosin heavy-chain (MHC) isoform composition in a rat model of sleep-disordered breathing.
Calcium homeostasis and membrane excitability are important modulators of muscle function. Sarcoplasmic reticulum calcium ATPase (SERCA) pumps sequester calcium into the sarcoplasmic reticulum, thus facilitating muscle relaxation. There is evidence that altered SERCA function is associated with skeletal muscle fatigue (Aubier and Viires 1998; Tupling 2004; Allen et al. 2008) . In addition, the Na + /K + ATPase pump plays a major role in maintaining membrane excitability during contractility, and pump function correlates with muscle endurance (Leppik et al. 2004; Petersen et al. 2005; McKenna et al. 2006; Murphy and Clausen 2007) . Moreover, a recent study demonstrated that pump content was altered in chronic hypoxic rat diaphragms (McMorrow et al. 2011) . Therefore, we examined the effect of CIH on the relative distribution of SERCA1 and SERCA2 isoforms and Na + /K + ATPase pump content in rat respiratory muscles.
Materials and Methods

In Vivo Protocol
All appropriate measures were undertaken to minimize any pain or discomfort caused to the animals during these experiments in accordance with institutional guidelines and national legislation. Adult male Wistar rats (Harlan, Oxfordshire, UK) were placed in environmental chambers with free access to food and water. Animals (n=8) were exposed to alternating cycles of 90 sec of normoxia/90 sec of hypoxia (5% oxygen at the nadir; SaO 2 ~80%) for 8 hr per day (during the light cycle) for 1 week. Each hypoxic/reoxygenation cycle lasted 180 sec (i.e., 20 cycles per hour). Sham animals (n=8) were placed in environmental chambers and exposed to alternating cycles of normoxia/normoxia under identical experimental conditions in studies conducted in parallel.
Following exposures, the animals were anaesthetized with 5% isoflurane and killed humanely by spinal transection. Respiratory muscles (sternohyoid and diaphragm) and limb muscles (extensor digitorum longus [EDL] and soleus) were excised and snap frozen in isopentane cooled in liquid nitrogen. Samples were stored at -80C for histochemistry (measurement of SDH and GPDH activities), immunofluorescence (MHC fiber typing, SERCA), and Na + /K + -ATPase pump content analysis.
SDH and GPDH Protocol
The 10-µm serial transverse sections were cryosectioned (Model CM30505; Leica Microsystems, Nussloch, Germany) at -22C and mounted on polylysine-coated glass slides (VWR International, Dublin, Ireland). Muscle sections were stained histochemically for the mitochondrial enzyme SDH at 37C for 9 min. SDH activity was determined using an incubation solution containing sodium succinate and nitro blue tetrazolium chloride (NBT) in phosphate buffer brought to pH 7.4 using drops of NaOH (1 M). Different muscle sections were stained for the mitochondrial enzyme GPDH. Muscle sections were incubated for 20 min at 37C in a solution (pH 7.4) containing DL-3glycerophosphate (5 mM), 0.01% menadione, NBT (0.5 mM), and phosphate buffer (0.2 mM). Following the respective incubation periods, slides were removed and the solution was drained and fresh ice-cold deionized water was added to stop the histochemical reaction. Control (blank) reactions were run in parallel, where the substrates succinate or glycerophosphate were omitted. All slides were then dehydrated in a graded series of acetone and methanol rinses. Slides were then passed through xylene and cover-slipped.
Immunofluorescence MHC Isoform Composition. Serial transverse muscles sections (10 µm) were cryosectioned and mounted on polylysinecoated glass slides. Slides were washed in PBS (phosphate-buffered solution, 0.01 M) and then placed in a 1% solution of bovine serum albumin (BSA) for 15 min. Samples were then rinsed with PBS and subsequently washed in PBS and goat serum (5%) for another 15 min. Slides were rinsed once more in PBS. Primary monoclonal myosin antibodies, developed by S. Schiaffino (Venetian Institute of Molecular Medicine, University of Padova), were obtained from the Developmental Studies Hybridoma Bank (DSHB) at the University of Iowa, and a rabbit antilaminin antibody was purchased from Sigma-Aldrich (St. Louis, MO; L9393). We used two approaches to tag the principal MHC isoforms and laminin (a basement membrane protein). A double-labeled approach was applied to target all fibers except for MHC 2x (mouse IgG1 primary antibody, clone number BF35; 1:500), whereas rabbit antilaminin antibody (1:500) was used to tag for laminin. On separate sections, a triple-labeled approach was used to tag for MHC 1, 2a, and 2b isoforms. The cocktail of antibodies used for this approach consisted of mouse anti-myosin antibodies: type 1 IgG2b (clone number BAF8, 1:100), type 2a IgG1 (clone number Sc71, 1:100), and type 2b IgM (clone number BFF3, 1:25). Muscle sections were incubated with the primary antibodies in a humidity chamber overnight at 4C. Upon removal, slides were washed (3 × 5 min) in PBS before application of secondary antibodies. Dylight594conjugated goat anti-mouse IgG1 (1:500; Jackson Immu-noResearch Europe Ltd, Suffolk, UK) and FITC-conjugated anti-rabbit secondary antibody (1:250; Sigma-Aldrich) were applied to the double-labeled muscle sections. Secondary antibodies applied to the triple-labeled sections included an Alexa Fluor 350-conjugated goat anti-mouse IgG2b (1:500; Invitrogen, Biosciences Ltd, Dublin, Ireland), a Dylight594-conjugated goat anti-mouse IgG1 (1:500; Jackson ImmunoResearch Europe Ltd), and an Alexa Fluor 488-conjugated goat anti-mouse IgM (1:250; Invitrogen). Negative control experiments were run in parallel where the primary antibody was omitted and the secondary antibody was applied to ensure that tagging of antibodies was specific. Images were merged using Adobe Photoshop (Adobe; San Jose, CA).
SERCA Isoform Distribution. Diaphragm muscle sections (10 µm) from sham and CIH-treated animals were incubated in 1% BSA in PBS for 1 hr and then washed with PBS. Primary mouse IgG SERCA2 antibody (1:500, cat. MA3-919; Affinity BioReagents, Golden, CO) and primary mouse IgG SERCA1 antibody (1:500, cat. MA3-911; Affinity BioReagents) were applied to separate muscle sections. Various sections were also co-tagged with rabbit anti-laminin antibody (1:500). The slides were placed in a humidity chamber overnight at 4C. Muscle sections were washed (3 × 5 min) in PBS and secondary antibodies were applied. SERCA1 and SERCA2 labeling was visualized with a Dylight594conjugated goat anti-mouse IgG1 (1:500; Jackson Immu-noResearch Europe Ltd), whereas a FITC-conjugated anti-rabbit secondary antibody (1:250; Sigma-Aldrich) highlighted laminin. Negative control experiments, where the primary antibody was omitted, were also completed in parallel. Images were merged using Adobe Photoshop.
Muscle content of the Na + /K + pump α 2 isoform was determined using the vanadatefacilitated [ 3 H]ouabain binding method. Four biopsy specimens weighing 5 mg were prepared from each of the frozen muscles. Samples were prewashed in 2 ml of Tris-vanadate buffer (250 mM sucrose, 10 m Tris-HCl, 3 mm MgSO 4 , and 1 mm NaVO 4 ; pH 7.25-7.30) for 2 × 10 min at 37C. [ 3 H] ouabain (10 -6 m, 2 µCi ml -1 ) was then added to buffer and the samples were incubated in this solution for 120 min at 37C. Muscle samples were then washed at 0C in 2 ml buffer (4 × 30 min) to remove any unbound [ 3 H]ouabain. Following a wash, the samples were blotted dry and weighed. Samples were then soaked overnight in 0.5 ml 5% trichloroacetic acid (TCA) containing 0.1 mM ouabain. After overnight soaking, 2.5 ml of scintillation cocktail (Opti-Fluor, Packard; PerkinElmer, Boston, MA) was added to 0.5 ml of the TCA extract for counting in the β-counter.
Data Analysis
Enzymatic Activity. SDH and GPDH enzymatic activities were quantified using the same method. Images were captured at a magnification of ×100 on the same day as staining. All images were captured under the same preset lighting conditions using a BX51 Olympus microscope (Olympus Life Science Microscopesl Munchen, Germany) and Olympus DP71 camera. Three to four sections were analyzed from each animal. Optical density of muscle sections was calculated using Scion Image software (Scion Corporation; Walkersville, MD). Images were converted to grayscale, and the optical density was calculated according to the equation y = log 10 [255/(255 -X)] for a 256-grayscale image, where X equals the gray value of the image. The optical density was taken as an index of oxidative capacity. Average optical density was calculated from multiple sections for each animal normalized to total cross-sectional area and expressed as mean ± SEM. Statistical analysis was carried out using a Student's unpaired t-test with p<0.05 taken as significant.
MHC and SERCA Isoform Composition. Muscle sections were captured at a magnification of ×100 using a BX51 Olympus microscope and Olympus DP71 camera. Cell A (Olympus) software was used to digitally analyze images, allowing the estimation of areal density and cross-sectional area (CSA) for each MHC fiber type. CSA measurements were made by fiber "circling" based on MHC labeling. A square test frame (640,000 µm 2 ) with two inclusion boundaries and two exclusion boundaries was employed to calculate these parameters in a particular randomly chosen field. Areal density for a given fiber type was calculated by determining the sum of the CSAs for that fiber type divided by the area of the square test frame and multiplied by 100. Relative area of fibers containing SERCA1 and SERCA2 was calculated in the same fashion. Values were obtained from multiple muscle sections and averaged for each animal before computing group means. Data were expressed as mean ± SEM. A Student's unpaired t-test or Mann-Whitney test (for nonparametric data sets) was employed to statistically compare sham versus CIH, with p<0.05 taken as significant.
Na + /K + -ATPase Pump Content. The content of [ 3 H]ouabain binding sites was calculated on the basis of both the sample wet and dry weights and the specific activity of the incubation medium. The final [ 3 H]ouabain binding site content was then calculated by subtracting the nonspecific [ 3 H]ouabain uptake measured using vanadate buffer containing an excess of unlabeled ouabain. Data were expressed as mean ± SEM and were statistically analyzed to compare sham versus CIH groups using a Student's unpaired t-test with p<0.05 taken as significant.
Results
Effect of CIH on SDH and GPDH Enzyme Activities in the Sternohyoid Muscle
Representative images of sternohyoid muscle stained for SDH (an index of enzymatic oxidative capacity) are shown in Fig. 1A (sham) and Fig. 1B (CIH) . CIH treatment did not alter SDH activity in the sternohyoid (Fig. 1C) . Representative images of sternohyoid muscle stained for GPDH (an index of enzymatic glycolytic capacity) are shown in Fig. 1D (sham) and Fig. 1E (CIH) . CIH treatment had no effect on sternohyoid GPDH activity (Fig. 1F ).
Effect of CIH on SDH and GPDH Enzyme Activities in the Diaphragm Muscle
Representative images of diaphragm muscles stained for SDH ( Figs. 2A, B) and GPDH (Figs. 2D, E) are shown. Similar to the results observed for the sternohyoid muscle, diaphragm SDH (Fig. 2C) and GPDH ( Fig. 2E ) enzymatic activities were unchanged following CIH treatment. 
MHC Isoform Composition and Fiber CSA in Respiratory Muscles
Representative immunofluorescence images of sternohyoid muscle are shown in Fig. 3A and C (sham) and Fig. 3B and D (CIH). CIH had no effect on sternohyoid MHC 1, 2a, 2x, or 2b areal density (Fig. 3E ). Sternohyoid fiber CSA (Fig.  3F ) and fiber type proportion (data not shown) were unaffected by CIH treatment. Representative immunofluorescence images of diaphragm muscle are shown in Fig. 4A and B. CIH significantly decreased diaphragm MHC 1 areal density (Fig. 4C; p=0 .006; Student's unpaired t-test) and significantly increased diaphragm MHC 2b areal density ( Fig. 4C; p=0.008) . MHC 2a and 2x areal densities were not statistically different in sham and CIH-treated animals (Fig.  4C ). MHC 1 fiber proportion was significantly decreased (41.4 ± 2.8% vs 31.9 ± 2.1%; p=0.02, % of total fibers, sham vs CIH) and MHC 2b was significantly increased (2.8 ± 0.7x% vs 10.3 ± 2.0%; p=0.007) in CIH-treated diaphragm compared with sham animals. Fiber CSA was unaffected by CIH treatment (Fig. 4D ). Frequency distributions of fiber CSAs for sternohyoid and diaphragm muscles were unaffected by CIH (data not shown). Figure 5A (sham) and 5B (CIH) show representative images of immunolabeled EDL muscle. EDL MHC 1, 2a, 2x, and 2b areal densities were not altered by CIH treatment (Fig. 5C ). The CSAs of EDL muscle fibers were not different in sham and CIH muscle (Fig. 5D ). Figure 5E (sham) and 5F (CIH) show representative images of soleus muscle. MHC 1 (blue) and 2a (red) are the only two fiber types expressed in rat soleus muscle. CIH did not affect the areal density (Fig. 5G ), numerical density (data not shown), or CSA (Fig. 5H ) of either fiber type.
MHC Isoform Composition and Fiber CSA in Non-Respiratory Muscles
Effect of CIH on Fibers Expressing SERCA1 and SERCA2 in the Diaphragm
CIH caused a significant increase in fibers expressing SERCA1 in the diaphragm. This is illustrated in the representative images of diaphragm labeled with SERCA1 (red) in a sham ( Fig. 6A ) and CIH-treated (Fig. 6B ) animal. Figure 6C shows the group data illustrating the significant increase in fibers expressing SERCA1 in CIH muscle compared with control ( Fig. 6C; p=0.004 ). CIH treatment also caused a significant decrease in fibers expressing SERCA2 in the diaphragm. This is illustrated in the representative images of diaphragm from a sham ( Fig. 6D ) and CIH-treated ( Fig. 6E ) animal labeled with SERCA2 (red). It is clear from these images and the group data that CIH significantly decreased fibers expressing SERCA2 in the diaphragm (Fig. 6F; p=0.05 ).
Na + /K + -ATPase Pump Content in Skeletal Muscle following CIH
CIH treatment had no effect on diaphragm (Fig. 7A) , EDL (Fig. 7B ), or soleus (Fig. 7C ) Na + /K + -ATPase pump content. 
Discussion
The main findings of this study are as follows: 1) CIH had no effect on muscle SDH and GPDH enzymatic activities; 2) CIH causes a significant shift in diaphragm fiber phenotype from slow to fast, concomitant with a shift in SERCA proteins from SERCA2 to SERCA1; and 3) Na + /K + -ATPase pump content was unaffected by CIH treatment.
The upper airway dilator muscles play a pivotal role in maintaining airway patency. Injury or fatigue to this group of muscles predisposes the airway to collapse and exacerbates OSA. Growing evidence suggests that upper airway (UA) muscle dysfunction is implicated in the pathophysiology of OSA syndrome. Both OSA patients (Series et al. 1995; Series et al. 1996; Carrera et al. 1999 ) and CIH animal models (McGuire et al. 2002a; McGuire et al. 2002b; McGuire et al. 2003; Liu SS et al. 2005; Pae et al. 2005; Dunleavy et al. 2008; Liu YH et al. 2009; Skelly et al. 2012) show signs of UA muscle dysfunction. We reasoned that UA muscle dysfunction may be related to CIH-induced phenotypic changes within the muscle. However, we found no significant alteration in sternohyoid muscle fiber distribution. A previous study showed that a longer bout (5 weeks) of CIH was associated with a shift in UA (geniohyoid) muscle phenotype toward a faster, more fatigable muscle, with an increase in MHC 2b fibers and a reduction in MHC 2a fibers (McGuire et al. 2002a ). Therefore, it seems likely that the pattern, duration, and intensity of the hypoxic stimulus, among other factors, determine the phenotypic response of airway dilator muscles. We acknowledge that the animal model used in these studies is not a model of OSA per se but rather a model of CIH-the central feature of the disorder. These animals do not have a compromised airway as observed in many OSA patients, and the rats do not experience obstructive airway events that themselves are likely to cause muscle remodeling in OSA. UA muscle remodeling is known to occur in the English bulldog (Petrof et al. 1994) , a natural animal model of OSA, and in OSA patients (Series et al. 1995) . We acknowledge that OSA is a complicated disorder and that it is likely that UA muscle dysfunction in OSA is multifactorial. However, it is now increasingly recognized that the recurrent hypoxia/ reoxygenation cycling that is representative of OSA due to recurrent apnea is a major culprit in the development of key morbidities associated with sleep apnea (Brooks et al. 1997; Fletcher 2000; Gozal et al. 2003; Row et al. 2003; Bradford 2004; Veasey et al. 2004) , and this hypothesis also extends to respiratory muscle function (McGuire et al. 2002b; Dunleavy et al. 2008; Liu YH et al. 2009; Skelly et al. 2012) .
Somewhat surprisingly, very few studies have examined the effect of CIH on diaphragm structure despite its tremendous importance in the maintenance of respiratory homeostasis. Evidence suggestive of diaphragm fatigue in OSA and animal models of OSA is somewhat controversial. Griggs et al. (1989) showed that patients with sleep apnea have impaired inspiratory muscle contractility (Griggs et al. 1989 ). This was supported by Chien and colleagues (2010) , who observed significantly lower inspiratory muscle functional performance and increased muscle fatigue in OSA patients compared with control subjects. However, other studies have failed to find evidence of diaphragm fatigue (Cibella et al. 1997; Montserrat et al. 1997) or reduced diaphragm force (Shepherd et al. 2006) in patients with OSA. McGuire et al. (2003) demonstrated an increase in diaphragm muscle fatigue in a rodent model exposed to chronic intermittent asphyxia (McGuire et al. 2003 ). In addition, dystrophic mice exposed to episodic hypoxia had a 30% reduction in diaphragm strength ). In contrast, other studies report no effect of CIH on diaphragm endurance or structural properties (Clanton et al. 2001; Pae et al. 2005) .
The results obtained in this study show that CIH (1 week; 5% at the nadir) causes a shift in the structural phenotype of the diaphragm toward fast, glycolytic fibers, suggesting that diaphragm endurance could be reduced in patients with OSA. Of interest, we did not observe a structural alteration in either EDL or soleus muscle following CIH treatment, which suggests that increased ventilation in CIH-treated animals may have caused this structural alteration in the diaphragm. It is plausible to suggest that the shift toward a faster phenotype may not be due to CIH per se but instead due to a "training effect". However, if a training effect were responsible, one would also expect an alteration in sternohyoid muscle structure given that these accessory muscles of breathing are also recruited during CIH-induced hyperventilation. However, sternohyoid structure was unchanged. Nonetheless, independent of the mechanism causing structural remodeling, our observations suggest that transitions in the MHC complement may underpin the development of diaphragm dysfunction in response to CIH. Alternatively, respiratory muscle function could be preserved or perhaps even improved with this phenotypic alteration (an increase in fast fibers would be expected to improve force-generating capacity). This "adaptation" may not necessarily be beneficial for respiration. If the force generated by the inspiratory muscles is increased compared with the force generated by the pharyngeal dilator muscles, respiratory homeostasis could be adversely affected with the increased "negative" intrathoracic pressure, leaving the upper airway susceptible to collapse. Therefore, a putative CIH-induced alteration in diaphragm performance may have serious consequences for patients with OSA.
CIH had no effect on MHC fiber mean CSA. We acknowledge the potential for error in the accuracy of CSA measurements using the fiber "circling" approach, which is dependent on the angle of the transverse section. Feret's minimum diameter is now recognized as a superior method for the determination of fiber remodeling (TREAT-NMD network), and this would have been a superior approach. As such, absolute measurements of CSA reported herein should be viewed with caution, but we suggest that our data illustrate that CIH does not affect muscle CSA, assuming that oblique sectioning was not unique to one group or one particular muscle. Of interest, we found that CIH-although it caused an MHC isoform shift from MHC 1 to 2-had no effect on SDH or GPDH activity. Otis et al. (2004) also found that a transition in the MHC isoform from a slow to fast phenotype does not necessarily coincide with a shift from an oxidative to a glycolytic phenotype following spinal cord transection. In fact, in that study, oxidative capacity was upregulated, emphasizing a lack of correlation between MHC isoform composition and muscle metabolism in some scenarios. Other studies have shown that the metabolic properties of a muscle are not always directly related to the fatigability of the muscle (Sieck et al. 1989; Ohira et al. 1992; Watchko and Sieck 1993; Caiozzo et al. 1994; Castro et al. 1999) . Therefore, it is plausible to suggest that muscle endurance may be altered independent of changes in muscle enzymatic capacity.
SERCA is the second largest energy-consuming protein in skeletal muscle (de Meis 2002) . There are two SERCA isoforms found in skeletal muscle fibers: SERCA1 is expressed in fast type 2 muscle fibers, whereas SERCA2 is expressed in slow type 1 muscle fibers. Although the expression of the fast and slow isoforms of MHC and SERCA is highly coordinated (Hamalainen and Pette 1997) , it is plausible that both isoforms of these two functionally distinct proteins could coexist in hybrid fibers. We examined the relative area of fibers expressing SERCA1 and SERCA2 proteins in the diaphragm and found that CIH treatment increased fibers expressing SERCA1 and decreased fibers expressing SERCA2. This correlates with our findings showing that MHC isoform expression is significantly shifted from MHC 1 (slow) to MHC 2 (fast) in the same muscles. Diaphragm fatigue is associated with an increase in SERCA1 and/or a decrease in SERCA2 isoform function (Aubier and Viires 1998) . In addition, improved soleus muscle endurance is accompanied by an increase in SERCA2 and a decrease in SERCA1 isoform expression (Johansson et al. 2003) . Therefore, it is plausible to suggest Figure 6 . Diaphragm sarcoplasmic reticulum calcium ATPase (SERCA) isoform distribution. Representative images of diaphragm muscle from a sham (A) and chronic intermittent hypoxia (CIH)-treated (B) animal positively labeled using antibodies for SERCA1 isoform (red) and laminin (green). Note the increase in SERCA1 isoform distribution in the CIH-treated animal (B) compared with the sham animal (A). (C) Group data (mean ± SEM) show that CIH significantly increased SERCA1 isoform distribution compared with sham (*p=0.004, Student's unpaired t-test). Representative images of diaphragm muscle from a sham (D) and CIH-treated (E) animal positively labeled using antibodies for SERCA2 isoform (red) and laminin (green). Note the decrease in SERCA2 isoform distribution in the CIH-treated animal (E) compared with the sham animal (D). (F) Group data (mean ± SEM) shows that SERCA2 isoform distribution was significantly decreased in CIH-treated animals compared with sham animals (*p=0.05, Student's unpaired t-test). Bars = 200 µm. that a SERCA2-to-SERCA1 transition may cause the diaphragm to develop a greater fatigability.
The Na + /K + pump is important in maintaining Na + and K + concentrations in skeletal muscle in addition to preserving membrane excitability and force production. Reduced Na + /K + -ATPase pump activity led to a decline in muscle contractile function (Leppik et al. 2004; Petersen et al. 2005; McKenna et al. 2006; Murphy and Clausen 2007) , whereas increased Na + /K + -ATPase pump content with exercise improved plasma and skeletal muscle K + regulation after sprint training (McKenna et al. 1993 ). Furthermore, an increase in diaphragm muscle endurance and Na + /K + pump content was observed in the diaphragm from chronic hypoxic animals (McMorrow et al. 2011 ), suggesting that pump content is affected by hypoxia and is implicated in muscle fatigue. In the present study, we found that CIH had no effect on the Na + /K + -ATPase pump in the soleus, EDL, or diaphragm muscles. It must be noted, however, that pump content and not pump activity were measured in this experiment, and therefore it is possible that pump activity may have been reduced independent of expression. This scenario was observed after prolonged exercise in humans (Leppik et al. 2004; Aughey et al. 2005 ) and following electrical stimulation in rat muscle (McKenna et al. 2003) .
Our results demonstrate that CIH causes a slow-to-fast fiber transition in rat diaphragm after just 7 days of treatment. This effect is restricted to the diaphragm and not uniform for other respiratory and non-respiratory skeletal muscles (sternohyoid, EDL, and soleus). The observed shift in diaphragm MHC isoform composition is associated with a shift in SERCA isoform composition (SERCA2 to SERCA1) but occurs independent of an alteration in diaphragm enzymatic capacity. A shift in MHC isoform composition toward a fast fatigable fiber complement may be a contributing factor in the development of diaphragm fatigue. Our results may have implications for respiratory muscle function in disorders characterized by CIH, such as human OSA.
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